Fungal organisms can remove heavy metals from aqueous solutions. Macro fungi such as Agaricus bisporus and Lentinus edodes (shiitake), commonly called mushrooms, are edible and are grown commercially. Laboratory batch studies were conducted at room temperature (21 ± 1°C) to determine the potential of these fungal biomasses for adsorption of cadmium from aqueous solutions containing 1 mg/L cadmium. Results from batch studies showed that biomasses prepared from A. bisporus and L. edodes had good potential for removing cadmium from aqueous solutions. The maximum adsorption capacity of A. bisporus and L. edodes for uptake of cadmium from aqueous solutions was 2.08 and 0.716 mg/g, respectively. The equilibrium time for adsorption was found to be 6 and 1 h for A. bisporus and L. edodes, respectively. 68% cadmium removal was achieved with A. bisporus and 45% with L. edodes. The optimum initial pH was found to be 6.0 and 5.0 for A. bisporus and L. edodes, respectively. Isotherm studies suggested that cadmium adsorption by both the mushrooms followed the Freundlich isotherm. Desorption of cadmium from mushrooms by dilute HCl was minimal (19%), but rapid.
Introduction
Cadmium, like other heavy metals, is introduced into natural waters by industrial and domestic wastewater discharges. In humans, cadmium is accumulated in the kidneys which will begin to malfunction at overdoses, spilling proteins in the urine and disrupting potassium metabolism (Patterson and Passino 1987) . It is well known that chronic cadmium toxicity has been the cause of Japanese Itai-Itai disease (Friberg et al. 1979) .
Biosorption, which encompasses heavy metal uptake by live or dead microorganisms, is an emerging technology for heavy metal pollution control (Tsezos and Volesky 1981) . Fungal organisms are found to possess excellent metal uptake potential (Kapoor and Viraraghavan 1995) , but mushrooms, which belong to the category of macrofungi, are yet to be thoroughly investigated.
The term mushroom, when defined broadly, refers to a macrofungus with a distinctive fruiting body large enough to be seen with the naked eye and to be picked up by hand (Chang and Miles 1992) . Mushrooms may be either above ground (epigeous) or below ground (hypogeous), ascomycetes or basidiomycetes, edible or non-edible, poisonous or medicinal species, fleshy or non-fleshy textured macrofungi (Miles and Chang 1997) . Many researchers around the world have investigated heavy metal accumulation in edible and non-edible varieties of the higher fungi (Kalac et al. 1996; Slekovec and Irgolic 1996; Michelot et al. 1998; Demirbas 2001) . However, there are only few reported studies on utilization of fungal fruiting bodies as biosorbents in the treatment of metal-laden aqueous solutions.
Mushrooms have unquestionable tendency to accumulate heavy metals, such as mercury, lead, cadmium, selenium and, to a lesser extent, cobalt, nickel and chromium (Michelot et al. 1998) . Some genera can specifically accumulate certain metals: lawn-decomposing species, mainly Agaricales and especially the genus Agaricus, have a strong affinity for copper, silver, and cadmium (Michelot et al. 1998) . Mushrooms in general contain proteins, fats, total sugars, fiber, minerals, and vitamins (Miles and Chang 1997) . Proximate compositions of A. bisporus and L. edodes, as reported by Miles and Chang (1997) are: moisture (88.7; 91.8), crude proteins (23.9-34.8; 13.4-17.5), carbohydrates (51.3-62.5; 67.5-78 .0), fats (1.7-8.0; 4.9-8.0), ash (8.0-3.7) and fiber (8.0-10.4; 7.3-8.0) . All data are presented as percentage of dry weight, except moisture (percentage of fresh weight). Variable amounts of minerals like calcium, phosphorus, potassium, iron and sodium are also present in A. bisporus and L. edodes. The chemical composition of mushrooms may vary with the species and environmental factors of growth. The reason for the preferential adsorption of mushrooms towards certain metals may be due to the presence of certain specific functional groups, proteins and lipids. For example, thiolate-deprived proteins in Agaricus bisporus (Esser and Brunnert 1986 ) and phospho-glycoproteins, cadmium mycophosphatin, in Agaricus macrosporus (Schmitt and Meisch 1985) are partially responsible for cadmium-binding mechanisms. Vetter (1993) stated that ability to accumulate cadmium by mushrooms is closely correlated with the presence of the binding compound, which is a genetically coded feature.
Mushroom production is an important industry in many parts of the world, especially in North America. Of the approximately 10,000 known species of mushrooms, it is currently thought that roughly 700 are edible and >200 may have medicinal values, although only a small percentage of these mushrooms are available to the consumer (Chang 1996) . Since mushrooms can sorb heavy metals like cadmium from aqueous solutions, there is a potential for the development of economical biosorbents from mushrooms to remove heavy metals from wastewaters.
This study involved the screening of the fruiting bodies (mushrooms) of two edible varieties of macrofungi, Agaricus bisporus and Lentinus edodes, for their uptake capacity of cadmium from aqueous solutions. Fungal fruiting bodies (mushrooms) were considered ideal for evaluation as biosorbents for the following reasons: 1. Many species of the phylum fungi have been demonstrated to possess excellent biosorptive potential (Zhou and Kiff 1991; Brady and Tobin 1995) , and mushrooms belong to the same phylum (Muraleedharan et al. 1994) . 2. Mushrooms are easily available in North American markets because mushroom production is an important industry in North America. 3. Mushrooms are macro in size, tough in texture, and have other physical characteristics conducive for their development as adsorbents without the need for immobilization or the deployment of a sophisticated reactor configuration as in the case of microorganisms (Muraleedharan et al. 1994 ).
The objectives of this study were to evaluate the capability of A. bisporus and L. edodes for the removal of cadmium from aqueous solutions by batch studies, to examine the physicochemical properties that might influence the adsorption, and to examine the applicability of known kinetic and adsorption isotherm models.
Materials and Methods

Cadmium Solutions
Cadmium stock solutions were prepared from atomic absorption spectroscopy reference solutions for cadmium. Atomic absorption spectroscopy reference solutions contained cadmium metal as solute dissolved in 2 to 5% nitric acid solvent. Stock solutions were diluted using deionized water to prepare all the cadmium solutions used in this study. Cadmium concentrations in solution were determined by a Varian AA10 atomic absorption spectrometer.
Mushrooms
A. bisporus mushrooms used in this study were purchased from a grocery store; they were supplied by K & G Mushrooms, Manitoba, Canada. L. edodes (shiitake) mushrooms were purchased from a store selling organic food. Mushrooms were initially washed thoroughly to remove the visible dirt and impurities. After blending the mushrooms into a fine paste, they were oven dried at 80°C until dry. Dried mushrooms were finely powdered using a mortar and pestle. Mushroom particles passing through ASTM sieve no. 100 (opening: 150 mm) were used in the experiments.
Batch pH Studies
Adsorption of metal ions from aqueous solutions by an adsorbent varies with varying pH. Batch pH studies were conducted by shaking 100 mL of metal solution containing approximately 1 mg/L of cadmium with 0.2 g of A. bisporus and L. edodes for 8 and 2 h, respectively, based on preliminary kinetic studies. The initial pH values were varied from 2.0 to 7.0 in increments of 1. Studies beyond pH 7 were not attempted because cadmium precipitation would be likely. Different researchers have observed different pH values at which cadmium precipitates as Cd(OH) 2(s) . Bhattacharya and Venkobachar (1984) , observed in their studies that cadmium precipitates at pH values greater than 10.0 and Gosset et al. (1986) observed cadmium precipitation beyond pH 6.5. Ozer et al. (1998) reported that the optimum pH for cadmium adsorption was 6.3. The samples were shaken in 250-mL conical flasks sealed with Parafilm "M", on a New Brunswick Scientific Shaker manufactured by Fisher Scientific Ltd. The final pH of the reaction mixture was recorded and samples were vacuum filtered through 0.45-µm polycarbonate filters (Micron Separations Inc.). Filtered samples were used for analyzing the cadmium concentrations. The experiments were conducted in duplicate and mean values were used in the analysis of the data.
Batch Kinetic Studies
Batch kinetic experiments were conducted at an initial pH of 6.0 and 5.0 for cadmium adsorption by A. bisporus and L. edodes, respectively. The initial cadmium concentration of metal ion was adjusted to approximately 1 mg/L. The pH of the solutions was adjusted using 1 M NaOH or HNO 3 solution. After adjusting the pH of the solutions, 0.2 g of A. bisporus and L. edodes were added separately to metal solutions in 250-mL conical flasks and the reaction mixture pH was not controlled after initiation of the batch experiments. A blank, containing 100 mL of only the cadmium solution without any adsorbent was shaken simultaneously to determine any adsorption of cadmium onto the walls of the conical flasks. A control, with 100 mL of deionized water (no metal ion added) and 0.2 g of mushrooms were also shaken to determine any leaching of cadmium from mushrooms. Fourteen samples of A. bisporus and twelve samples of L. edodes were placed on a shaker and shaken at 200 rpm. Samples were collected at 5, 10, 15, 20 and 25 min, and at 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 6, 7 and 8 h for A. bisporus, and at 5, 10, 15, 20 and 25 min, and at 0.5, 0.75, 1, 1.5, 2, 3 and 4 h for L. edodes. Upon collection, samples were vacuum filtered through 0.45-µm polycarbonate filters and cadmium ion concentrations in the filtrate were determined. The experiments were conducted in duplicate and mean values were used in data analysis.
Batch Isotherm Studies
Isotherm studies were conducted at room temperature (21 ± 1°C) by varying the mass of mushrooms. Representative masses (0.03, 0.06, 0.09, 0.12, 0.15, 0.18, 0.2, 0.23, 0.26, 0.29, 0 .32 and 0.35 g) of A. bisporus and L. edodes were separately shaken with 100 mL of the solution containing approximately 1 mg/L of cadmium ion for their respective equilibrium times of adsorption, six hours and one hour, respectively. The initial pH of the metal solutions was adjusted to their respective optimum pH values. The cadmium concentration at the end of the study period was determined after filtering the samples. The experiment was repeated for duplicate values and the mean values were used in the data analysis.
Desorption Studies
Five samples of 100-mL metal solution containing 1 mg/L of cadmium was shaken with 0.2 g of A. bisporus and L. edodes separately, until their respective equilibrium times. After equilibrium, samples were filtered and the adsorbents were collected separately for desorption studies. The collected adsorbents (five samples of A. bisporus and five samples of L. edodes) were separately added to 100 mL of 0.1 M HCl solution in conical flasks and shaken for two hours. Samples were collected and filtered at regular intervals of time (15 min, 30 min, 45 min, 1 h and 2 h) for both the adsorbents. The filtered samples were analyzed for desorbed cadmium.
Results and Discussion
It was found from blank and control studies that adsorption of cadmium onto the walls of the conical flasks was negligible and the mushrooms did not leach any cadmium into aqueous solutions. Figure 1 shows the effect of initial pH on cadmium removal by A. bisporus and L. edodes. It can be observed from Fig. 1 that at pH 2, the cadmium adsorption by A. bisporus was minimum (2.85%). Cadmium adsorption increased to 32.2% at pH 3 and then to 64.2% at pH 4. At pH 5 and 6, 67.5% of cadmium was adsorbed. There was not much difference in cadmium adsorption at pH 5 and 6. pH 7 showed a slight increase in cadmium adsorption (68.6%). In the case of L. edodes, pH 2 showed no significant cad- Initial pH % cadmium removed mium adsorption. Cadmium adsorption was 28% at pH 3 and 45.2% at pH 4. At pH 5 and 6, cadmium adsorption was 46.5% and at pH 7 it was 47.8%.
Batch pH Studies
It can be seen that for both varieties of mushrooms, as pH increased cadmium adsorption also increased. Significant cadmium adsorption started at pH 3 but a high removal was noted at pH 4 and above. This can be explained by the fact that at a low pH, higher concentrations of H + ions were present in the solution and therefore compete for the adsorption sites of the mushrooms. When pH increases, availability of H + ions decreases leading to higher adsorption of cadmium ions. Enhancement of cadmium adsorption at higher pH may also be due to the hydrolysis of cadmium ions in aqueous solution, represented by equation 1 (Reed and Matsumoto 1993):
(1) Stumm and Morgan (1970) indicated that hydrolysis products of multivalent ions were adsorbed more readily at solution particle interfaces than non-hydrolyzed metal ions. But at higher pH, cadmium ions can be precipitated as Cd(OH) 2(s) , as shown in equation 2, and the adsorption of ions is masked by precipitation (Reed and Matsumoto 1993).
It was observed that immediately after the addition of A. bisporus and L. edodes, the pH values of the solution mixture for experiments of initial values of pH 4, 5, 6 and 7 became more or less equal to 5.5 to 6.0 and 4.7 to 5.0, respectively. This did not change much over time; hence the final pH values for A. bisporus and L. edodes were also 5.5 to 6.0 and 4.7 to 5.0, respectively. This means adsorption of cadmium on A. bisporus and L. edodes took place at around pH 6 and 5, respectively. Hence, in the present study, a pH of 6.0 was selected as optimum for A. bisporus-cadmium and a pH of 5.0 was selected as optimum for L. edodes-cadmium systems. The stabilization of different initial pH values into more or less a constant range of pH values (5.5 to 6.0) for A. bisporus-cadmium and 4.7 to 5.0 for L. edodes-cadmium) might be the reason for only a marginal increase in cadmium adsorption beyond pH 4. Figure 2 shows the plots of concentration of cadmium remaining in solution with time for A. bisporus and L. edodes. Kinetic studies were conducted at their respective optimum pH of 6.0 for A. bisporus and at pH of 5.0 for L. edodes. Preliminary experiments conducted showed that a contact time of eight hours and two hours were considered sufficient to achieve equilibrium conditions for A. bisporus and L. edodes, respectively.
Batch Kinetic Studies
A closer look at Fig. 2 shows that out of 69% of the total cadmium adsorbed by A. bisporus, 47% was adsorbed within fifteen minutes and 61.5% was adsorbed within one hour of the reaction time. There was no significant change in cadmium adsorption beyond six hours. Hence the equilibrium time was 6 hours for cadmium adsorption by A. bisporus. In the case of L. edodes, it can be seen from Fig. 3 that out of 45% of the total cadmium adsorbed, 30% was adsorbed within five minutes and 38% was adsorbed within fifteen minutes of the reaction time. There was no significant change in cadmium adsorption beyond one hour. Hence, one hour was considered to be the equilibrium time of cadmium adsorption by L. edodes. The adsorption rates were initially rapid because of the readily accessible sites on the adsorbents (Das and Bandyopadhyay 1992) .
Lagergren first-order reaction rate model (Lagergren 1898) (equation 4) and the Ho et al. pseudo second-order reaction model (Ho et al. 1996) (equation 6) were used to describe the kinetics of cadmium adsorption on mushrooms. The first-order Lagergren rate equation used by researchers (Kapoor et al. 1999; Lagergren 1898) to study the kinetics of heavy metal adsorption is as follows:
By rearranging it we can get:
where K L is the Lagergren rate constant for adsorption (h -1 ), q e is the amount of metal ion adsorbed at equilibrium (mg/g), and q t is the amount of metal ion adsorbed at any given time t (mg/g). Ho et al. (1996) used a pseudo second-order reaction rate equation to study the kinetics of adsorption of heavy metals on peat. The Ho et al. pseudo second-order equation is:
By rearranging it we can get: qt = (2Kqe 2 t)/(1 + 2Kqet) (6) where K is the pseudo second-order rate constant for adsorption (g/mg·h), q e is the amount of metal ion adsorbed at equilibrium (mg/g), and q t is the amount of metal ion adsorbed at any given time, t.
The batch kinetic data was fitted to both the models by non-linear regression analysis using the software package STATISTICA (Release 5.0) for Windows. For both the adsorbents, though the two models adequately described the kinetic data at 95% confidence level, Ho et al.'s pseudo second-order model best described the kinetic data with higher R values compared to the Lagergren first-order model for both the adsorbents. Figure 4 shows Ho et al.'s pseudo second-order model plots for the kinetics of cadmium adsorption on A. bisporus. The first-order and pseudo second-order kinetic rate constants for cadmium adsorption on A. bisporus were K L = 4.7 h -1 and K = 12.56 g/mg·h. Figure 5 shows Ho et al.'s pseudo second-order model plots for the kinetics of cadmium adsorption on L. edodes. The firstorder and pseudo second-order kinetic rate constants for cadmium adsorption on L. edodus were K L = 10.01 h -1 and K = 50.54 g/mg·h. Table 1 shows the Lagergren's first-order model equations and Ho et al.'s pseudo second-order model equations for cadmium adsorption on A. bisporus and L. edodes. The first-order kinetic rate constants reported by a few other researchers are 0.0134 h -1 for cadmium adsorption on peat (Viraraghavan and Rao 1993) , 1.398 h -1 and 0.405 h -1 for cadmium adsorption on fly ash (Yadava et al. 1987; Viraraghavan and Rao 1991) , and 0.44 h -1 for cadmium adsorption on Aspergillus niger biomass (Kapoor 1998) . Comparing the value of first-order rate constant from this study with other studies reported above shows that the rate of cadmium adsorption on A. bisporus and L. edodes was quite rapid. Among the adsorbents compared, L. edodes has the highest first-order rate constant (K L = 10.01 h -1 ), which supports the observation that within five minutes of the reaction time most of the cadmium was adsorbed and equilibrium was reached in one hour.
Batch Isotherm Studies
The adsorption data from batch isotherm studies for A. bisporus and L. edodes was fitted to the Freundlich (equation 7) and the Langmuir (equation 8) models using non-linear regression analysis.
The Freundlich equation is (Weber 1972) :
where q is the amount of adsorbate adsorbed per unit weight of adsorbent (mg/g), K f is the equilibrium constant indicative of adsorption capacity, n is the adsorption equilibrium constant whose reciprocal is indicative of adsorption intensity, and C e is the concentration of adsorbate in solution at equilibrium (mg/L).
The Langmuir equation can be expressed as:
where q o is the maximum number of adsorption sites available on the adsorbent, b is the constant related to the energy or net enthalpy, and C e is the concentration of adsorbate in solution at equilibrium (mg/L).
The non-linear regression analysis was conducted using the software package STATISTICA. The adsorption data obtained for both the mushrooms was best described by the Freundlich isotherm model. The constants estimated by the Freundlich isotherm model were statistically significant at a 95% confidence level. Adsorption data for both the mushrooms gave poor fits with low R values for the Langmuir isotherm model. Figures 6 and 7 show the Freundlich isotherms for cadmium adsorption Table 3 shows the adsorption capacities of a few other adsorbents for cadmium. It is found that the adsorption capacities for cadmium adsorption from aqueous solutions of A. bisporus and L. edodes were comparable with other adsorbents. Cadmium adsorption on mushrooms in comparison with other adsorbents is presented in Table 3 .
Desorption Studies
Out of 70% and 43% cadmium adsorbed by A. bisporus and L. edodes, respectively, only 19% of cadmium was desorbed from both the adsorbents, with most of the desorption taking place within 15 min of contact. The fraction of sorbed cadmium not recoverable by desorption presumably represents the cadmium which is bound to mushrooms through stronger interactions.
General Discussion
Based on the experimental results obtained from this research, it can be concluded that mushrooms have potential as biosorbents for removing cadmium from aqueous solutions. The difference in adsorption capacity for different genera is evident from the results that only 44% of 1 mg/L of cadmium was adsorbed by L. edodes, when compared to 70% by A. bisporus. The difference in time required for equilibrium adsorption of A. bisporus and L. edodes can also be attributed to the affinity and adsorption capacity of the adsorbents towards the specific metals.
The cost of the adsorbent is an important issue that must be considered when selecting an adsorbent. The cost of commercial activated carbon is $5 to $6/kg (approximately), whereas the cost of mushrooms is less than $2/kg on a retail basis. Regeneration and reuse of mushroom adsorbents were not investigated in this study because the adsorbents were not considered expensive compared to activated carbon. However, regeneration and reuse of mushroom adsorbents may play an important role in making this a practical process. Cadmium-impregnated mushroom adsorbents could be disposed of in a hazardous landfill. A detailed economic analysis which considers the cost of regeneration/reuse and disposal of mushrooms is required to determine the most economical adsorbent.
Conclusions
The following conclusions were drawn from this study.
1. The optimum initial pH for A. bisporus-cadmium and L. edodes-cadmium systems was 6.0 and 5.0 and the cadmium removal at this optimum pH was 67.5% and 46.5%, respectively. 2. The kinetic studies indicated that equilibrium time for cadmium adsorption on A. bisporus and L. edodes was six hours and one hour, respectively. 3. The Ho et al. pseudo second-order reaction rate model best suited the kinetic data for both mushrooms. The pseudo second-order rate constants for the adsorption of cadmium on A. bisporus and L. edodes were found to be 4.7 and 50.54 g/mg·h. 4. An analysis of the data showed that the adsorption pattern for cadmium on A. bisporus and L. edodes followed the Freundlich isotherm. 5. The maximum batch adsorption capacities of A. bisporus and L. edodes were 2.08 and 0.716 mg of cadmium per g of the adsorbent, respectively. 6. Only 19% of the cadmium adsorbed was desorbed from both the mushrooms using a dilute acid. The rate of desorption was rapid, taking place within 15 min of contact.
